Background: Phosphorylation regulates Merkel cell polyomavirus (MCV) large tumor antigen (LT) activity. Results: MCV LT is phosphorylated by ATM kinase at Ser-816. Conclusion: Ser-816 phosphorylation by ATM allows MCV LT to arrest cell growth and induce apoptosis. Significance: Ser-816 phosphorylation-induced apoptosis may explain why the C-terminal domain of LT is negatively selected in MCV-related tumors. . 2 The abbreviations used are: MCV, Merkel cell polyomavirus; MCC, Merkel cell carcinoma; LT, large tumor antigen; DDR, DNA damage response; IIT, IgG-IgG-tobacco etch virus; CIP, calf intestinal alkaline phosphatase; TBST, TBS/Tween.
Merkel cell carcinoma is a highly aggressive form of skin cancer. Merkel cell polyomavirus (MCV) infection and DNA integration into the host genome correlate with 80% of all Merkel cell carcinoma cases. Integration of the MCV genome frequently results in mutations in the large tumor antigen (LT), leading to expression of a truncated LT that retains pRB binding but with a deletion of the C-terminal domain. Studies from our laboratory and others have shown that the MCV LT C-terminal helicase domain contains growth-inhibiting properties. Additionally, we have shown that host DNA damage response factors are recruited to viral replication centers. In this study, we identified a novel MCV LT phosphorylation site at Ser-816 in the C-terminal domain. We demonstrate that activation of the ATM pathway stimulated MCV LT phosphorylation at Ser-816, whereas inhibition of ATM kinase activity prevented LT phosphorylation at this site. In vitro phosphorylation experiments confirmed that ATM kinase is responsible for phosphorylating MCV LT at Ser-816. Finally, we show that ATM kinase-mediated MCV LT Ser-816 phosphorylation may contribute to the anti-tumorigenic properties of the MCV LT C-terminal domain.
Merkel cell polyomavirus (MCV) 2 is a recently identified polyomavirus that is associated with a highly aggressive skin cancer, Merkel cell carcinoma (MCC) (1, 2) . MCV is associated with ϳ80% of MCC cases (1, 3, 4) . MCC metastasizes rapidly. It is one of the most aggressive skin cancers, with an extremely high mortality rate of 33%, exceeding that of melanoma (5) , and Ͻ45% 5-year survival rate (6) . The incidence of MCC increased from 1.5 to 6/million people between 1986 and 2006, and ϳ1500 new cases of MCC are diagnosed each year in the United States (7, 8) . Epidemiological surveys of anti-MCV antibodies and sequencing analyses of healthy human skin have indicated that MCV may represent a natural component of the human skin microflora (9 -11) .
Like other polyomaviruses, MCV encodes a single early gene, the tumor antigen. The MCV tumor antigen is multiply spliced into the large tumor antigen (LT), the small tumor antigen, 57kT, and ALTO (alternate frame of the large T open reading frame) (12, 13) . Similar to other polyomaviruses, the multifunctional MCV LT protein is involved in a variety of processes, including viral genome replication and host cell cycle manipulation (14 -16) .
MCV LT contains conserved features of other polyomavirus LT proteins, such as conserved region 1, a DnaJ domain that interacts with Hsc70 family members, an LXCXE pRb-binding motif, an origin-binding domain, and a helicase/ATPase domain required for viral DNA replication (3, 12) . The T antigens from several polyomaviruses have oncogenic activity. Notably, the SV40 large and small T antigens can transform a variety of rodent and human cells (17, 18) . In addition, LT from SV40, as well as the human JC and BK polyomaviruses, can bind to pRb and p53 tumor suppressor proteins (19 -22) . MCV LT can bind specifically to pRb (3, 23) . Although there are two potential p53-binding motifs in the MCV LT C-terminal domain, there appears to be no direct interaction between MCV LT and p53 (24, 25) . Interestingly, the MCV genome is commonly clonally integrated into MCC tumor cell genomes. Almost all MCV LTs expressed from the integrated MCV genomes harbor nonsense mutations, which result in expression of a truncated LT that retains the N-terminal pRb-binding motif but has a deletion of the C-terminal DNA-binding and helicase domains (3) . It has been postulated that these truncated LT proteins arise because replication of the integrated viral genome by full-length MCV LT may instigate a debilitating amount of DNA damage due to abortive replication at the integrated viral origin (3). The identification of a tumor with intact full-length LT but a mutated viral origin sequence supports this hypothesis (26) . Later studies have since suggested that the C-terminal helicase domain may contain other functions that oppose tumorigenesis (16, 24) . Our previous work indicated that expression of full-length MCV LT activates a dramatic DNA damage response (DDR) that is antagonistic to tumorigenesis; this activity activates p53 and induces a growthinhibiting phenotype (16) . Additionally, Cheng et al. (24) reported that expression of the C-terminal 100 residues of MCV LT inhibits the growth of several different cell types. These studies support a model in which the C-terminal domain must be deleted in tumor cells to both limit viral replication from the integrated viral genomes and eliminate growth-arresting properties intrinsic to the C-terminal domain of LT. How the MCV C-terminal 100 residues accomplish this growth-arresting function is not clearly understood.
In addition to being stimulated by MCV LT expression, work from our laboratory has shown that components of the host DDR are recruited to viral replication centers (27) . These factors are necessary to support MCV genome replication (27) , but their mechanism of action is not understood.
Protein phosphorylation of serines, threonines, and tyrosines is one of the most common methods for regulating protein function. Phosphorylation of SV40 LT on both serine and threonine residues plays an important role in regulating LT function. Phosphorylation of SV40 LT Ser-120 and Ser-123 inhibits viral replication, whereas phosphorylation of Thr-124 enhances replication by activating the DNA-binding domain and stimulating double-hexamer activity (28 -32) . Phosphorylation of Thr-701 is required for binding to the host FBW7 ␥-isoform, which regulates SV40 LT protein stability (33) . A recent report from our laboratory identified Thr-271, Thr-297, and Thr-299 as phosphorylation sites on MCV LT (34) . In that report, we demonstrated that phosphorylation of Thr-297 and Thr-299 regulates MCV LT-mediated replication of the viral DNA. In the present study, we identified a novel MCV LT phosphorylation site at Ser-816. We demonstrate that this site was phosphorylated by ATM (ataxia telangiectasia mutated) kinase, a key component of the host DDR activated primarily by dsDNA breaks (35) . Activation of ATM kinase by etoposide increased MCV LT phosphorylation at Ser-816. In contrast, ATR (ataxia telangiectasia and Rad3-related) kinase was unable to robustly phosphorylate MCV LT. Expression of wild-type MCV LT inhibited cell proliferation and also induced several cell lines to undergo apoptosis. Expression of the serine-toalanine substitution mutant MCV LT S816A partially rescued this growth inhibition and also inhibited the induction of apoptosis. This study reveals that MCV LT is a substrate of ATM kinase and that phosphorylation at Ser-816 contributes to the regulation of host cell proliferation and apoptosis.
EXPERIMENTAL PROCEDURES
Cell Culture, Cell Lines, and Transfection-U2OS cells were maintained in McCoy's 5A medium (Invitrogen) containing 10% fetal bovine serum (HyClone). C33A, HeLa, 293, and 293T cells were maintained in DMEM (Invitrogen) containing 10% fetal bovine serum. FuGENE 6 transfection reagent (Roche Applied Science) and Lipofectamine 2000 (Invitrogen) reagents were used to transfect U2OS, C33A, and HeLa cells following the manufacturers' instructions. The calcium phosphate method was used for 293 and 293T transfections as described previously (14) .
Recombinant Plasmid Construction-Plasmids pcDNA-MCV LT(1-211), pcDNA4C-MCV LT(212-440), pcDNA4C-MCV LT(1-440), pcDNA4C-MCV LT(212-817), pcDNA4C-MCV LT(1-817), pEGFPC1-MCV LT(1-440), pEGFPC1-MCV LT(441-817), pEGFPC1-MCV LT(1-817), pcDNA4C-IIT-MCV LT(1-817), pLPCX-Cherry-LacI, pLPCX-MCV LT(1-817), and pGEX-MCV LT have been described previously (14, 16) . To generate pcDNA4C-MCV LT S816A, pEGFPC1-MCV LT S816A, or pLPCX-MCV LT S816A, site-directed mutagenesis was performed with QuikChange PCR (Stratagene) following the manufacturer's instructions using pcDNA4C-MCV LT(1-817), pEGFPC1-MCV LT(1-817), or pLPCX-MCV LT(1-817) as a template. For pcDNA4C-IIT-MCV LT S816A, the IIT tag (containing two IgGbinding domains and a tobacco etch virus cleavage site) was subcloned into pcDNA4C-MCV LT(1-817) using the KpnI fragment from the pcDNA4c-IIT-MCV LT(1-817) construct described previously (14) . All constructs were confirmed by restriction enzyme digestion and DNA sequencing. The pTIH plasmid encoding SV40 LT was a kind gift from Chris Buck (National Institutes of Health).
Antibodies and Chemicals-The following antibodies were used for immunoblotting: mouse anti-MCV LT (Santa Cruz Biotechnology); mouse anti-Xpress (Invitrogen); rabbit antiphosphorylated ATM Ser-1981, rabbit anti-ATR (Abcam), and mouse anti-proliferating cell nuclear antigen (Abcam); rabbit anti-ATM, rabbit anti-phosphorylated Chk1 Ser-345, HRPconjugated goat anti-mouse, and HRP-conjugated goat antirabbit (Cell Signaling); mouse anti-actin (Chemicon); and mouse anti-GAPDH (United States Biological). Mouse anti-ATM (Sigma-Aldrich), rabbit anti-ATR (Abcam), and normal rabbit IgG and normal mouse IgG (Millipore) antibodies were used for immunoprecipitations.
Etoposide, wortmannin, NU6027, caffeine, and puromycin were purchased from Sigma-Aldrich. NU7441 was purchased from Tocris Bioscience. KU55933 was purchased from EMD Millipore. AZD7762 was purchased from Selleck Chemicals. Calf intestinal alkaline phosphatase (CIP) was purchased from New England Biolabs. Phycoerythrin-conjugated annexin V was purchased from BioVision. AcTEV protease was obtained from Invitrogen. Western Lightning Plus ECL solution was purchased from PerkinElmer Life Sciences.
CIP Assay-At 48 h post-transfection, cells were lysed in lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10% glycerol, 1% Nonidet P-40, 5 mM MgCl 2 , 1 mM DTT, and protease inhibitors) and passed five times through a 26-gauge needle. Lysates were incubated on ice for 20 min with occasional vortexing and then spun down at 5000 rpm for 5 min at 4°C. Cleared supernatants were collected. A Bradford assay was performed to determine protein concentration, and lysates were diluted to 1 mg/ml with lysis buffer. A 100-g aliquot of lysate was used for CIP treatment: NEBuffer 3 was added to the lysate to a final concentration of 1ϫ buffer, and the solution was incubated at 37°C for 5 min. The samples were then treated with 50 units of CIP for 30 min at 37°C. Samples were boiled in sample buffer and immunoblotted.
Annexin V Staining-C33A cells were transfected with pEG-FPC1 (vector), pEGFPC1-MCV LT, or pEGFPC1-MCV LT S816A. 24 h later, cells were washed with binding buffer (10 mM HEPES (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl 2 ), stained with phycoerythrin-conjugated annexin V for 10 min, washed once more with binding buffer, and fixed with 3% paraformaldehyde for 20 min. Nuclei were counterstained with DAPI.
Microscopy and Image Analysis-All immunofluorescent images were collected using an Olympus IX81 inverted fluorescence microscope connected to a QImaging Fast 1394 highresolution charge-coupled device camera. Images were analyzed and presented using SlideBook 5.0 software (Intelligent Imaging Innovations, Inc.). The scale bars were added using ImageJ software.
Western Blotting-At 36 h post-transfection, cells were lysed 10 mM HEPES (pH 7.9), 300 mM NaCl, 3 mM MgCl 2 , 1 mM DTT, 1 mM PMSF, 3 mM sodium butyrate, 1 mM NaF, and 100 M Na 3 VO 4 supplemented with protease inhibitor mixtures (Roche Applied Science) and Ser/Thr protein phosphatase inhibitor mixtures (Sigma) and passed 10 times through a 26-gauge needle. After a 20-min incubation on ice with occasional vortexing, the soluble and insoluble fractions were separated by centrifugation at 5000 rpm for 5 min at 4°C. The supernatant (20 g) was resolved by SDS-PAGE. 1 mM NaF and 100 M Na 3 VO 4 were added to electrophoresis buffer and transfer buffer to inhibit phosphatase activity. Membranes were blocked in 5% TBST/milk for 1 h at room temperature and incubated in TBST/milk containing primary antibodies at 4°C overnight. For anti-phosphoprotein antibodies, TBST/BSA was used instead of TBST/milk. Membranes were then incubated with HRP-conjugated secondary antibodies in TBST/milk for 1 h at room temperature. Western blots were developed using ECL solution, and images were captured using a Fuji imaging system.
Retrovirus Production and Stable Cell Line Construction-293T cells were cultured in 10-cm dishes to reach 95-100% confluency. pLPCX-based plasmids (pLPCX-Cherry-LacI, pLPCX-MCV LT(1-817), and pLPCX-MCV LT(1-817) S816A), pCMV-VSV-G, and pMD-gagpol were cotransfected into 293T cells using Lipofectamine 2000 transfection reagent. After 48 h, the packaged retroviruses in the supernatant were harvested and filtered through a 0.45-m filter before transducing C33A and HeLa cells. At 48 h post-infection, the transduced cells were selected using 0.625 or 1 g/ml puromycin, respectively, for 4 days. Expression of MCV LT was confirmed by immunofluorescence staining and Western blotting, and the selected cells were maintained as stable cell lines in DMEM supplemented with puromycin.
In Vitro Phosphorylation Assay-To activate ATM and ATR, U2OS cells were treated for 4 h with 4 M etoposide, which induces dsDNA breaks. Treated cells were harvested; resuspended in 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.2 mM PMSF, 3 mM sodium butyrate, 1 mM NaF, and 100 M Na 3 VO 4 supplemented with protease inhibitor mixtures and Ser/Thr protein phosphatase inhibitor mixtures; and incubated on ice for 10 min. Nonidet P-40 was added to final concentration of 0.02%, and cells were vortexed for 10 s. Nuclei were separated by centrifugation at 4000 rpm for 10 min at 4°C. Isolated nuclei were lysed in 20 mM HEPES (pH 7.9), 0.5 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.2 mM PMSF, 3 mM sodium butyrate, 1 mM NaF, and 100 M Na 3 VO 4 supplemented with protease inhibitor mixtures and Ser/Thr protein phosphatase inhibitor mixtures and passed 10 times through a 22-gauge needle, followed by rotation at 4°C for 1 h. Nuclear extracts were isolated by centrifugation at 14,000 rpm for 10 min at 4°C.
Nuclear extracts (500 g) were mixed with 10 g of rabbit anti-ATM, 10 g of mouse anti-ATR, or 10 g of normal rabbit IgG antibody together with 10 g of normal mouse IgG antibody. Nuclear extracts and the antibody mixture was rotated at 4°C for 2 h, followed by addition of 10 l of protein G-agarose beads (Invitrogen). Mixtures were rotated for an addition 1 h at 4°C. Purified proteins on resin were washed four times with KCl buffer (20 mM Tris (pH 8.0), 10% glycerol, 5 mM MgCl 2 , 0.1% Tween 20, 150 mM KCl, 0.1 mM PMSF, 3 mM sodium butyrate, 1 mM NaF, and 100 M Na 3 VO 4 supplemented with protease inhibitor mixtures and Ser/Thr protein phosphatase inhibitor mixtures). The resin was then equilibrated once with kinase buffer (20 mM HEPES (pH 7.6), 50 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, 20 mM MnCl 2 , and 1 mM NaF). IIT-MCV LT was purified as described previously (16) and treated with CIP as described above. MCV LT was cleaved with AcTEV protease following the manufacturer's instructions.
10 l of equilibrated resin with purified proteins was mixed with 30 l of kinase buffer, 1 g of purified MCV LT, 200 M ATP, and 0.5 l of 3000 Ci/mmol [␥-32 P]ATP. Kinase assay was performed at room temperature or 37°C for 30 min. Proteins were separated by SDS-PAGE, and the gel was subsequently dried at 80°C for 30 min. Autoradiography was performed as described previously (14) .
GST Pulldown Assay-BL21(DE3)pLysS Escherichia coli cells were transformed with pGEX-MCV LT or pGEX vector. Bacteria were lysed in 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 0.4 mg/ml lysozyme, 2 mM DTT, and 0.1 mM EDTA supplemented with protease inhibitors) before running through Q-Sepharose and SP-Sepharose columns (Sigma). The SP-Sepharose column was washed with 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM DTT, and 0.1 mM EDTA supplemented with protease inhibitors before elution with the same buffer adjusted to 400 mM NaCl. The elution mixture was then incubated with GSH-agarose (Sigma) at 4°C for 2 h. GSH-agarose was washed five times with 20 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 0.1% Tween 20, and 100 mM KCl supplemented with protease inhibitors. Bound proteins were used for GST pulldown assay. Briefly, U2OS nuclear extracts was prepared as described previously (36) and incubated with beads bound to GST or GST-LT at 4°C overnight. The beads were washed three times with 0.5 ml of 0.1 M KCl buffer and eluted with 30 l of SDS-PAGE sample buffer.
Clonogenic Assay-C33A cells stably expressing Cherry-LacI, LT(1-817), or LT(1-817) S816A were plated in triplicate at 5 ϫ 10 3 cells/well in a 6-well plate and cultured in DMEM with 0.625 g/ml puromycin for 10 days. The cells were then fixed with methanol and stained with 0.5% methylene blue.
RESULTS
MCV LT Is Phosphorylated at Ser-816 -In our previous study, we found that either MCV infection or transfection of MCV genomes into cells activated both ATM and ATR kinases, whereas ectopic expression of only MCV LT primarily induced the ATR-Chk1 DDR pathway in U2OS cells (16) . Interestingly, in these immunoblot experiments, we also discovered that the anti-phospho-Chk1 Ser-345 antibody not only detected phospho-Chk1 Ser-345 but also recognized protein bands with molecular masses that match those of transfected LT(1-817), LT(212-817), GFP-LT(441-817), and GFP-LT(1-817), respectively ( Fig. 1, A and B, arrows) . This cross-reactivity was observed for all MCV LT truncation mutants retaining the C-terminal ϳ400 amino acids (Fig. 1, A and B) . These crossreactive bands were also detected in C33A and HeLa cells (data not shown). This antibody also recognized another cross-reactive band of ϳ120 kDa in all samples, regardless of LT expression ( Fig. 1B, asterisk) . SV40 LT also activated phospho-Chk1 Ser-345 in U2OS cells (16) , but there were no cross-reactive bands detected in the SV40 LT sample (Fig. 1A ). Because the cross-reactive bands (marked with an asterisk) had similar molecular masses as the ectopically expressed LTs in those samples, we suspected that the anti-phospho-Chk1 Ser-345 antibody was specifically cross-reacting with MCV LT.
To confirm that this cross-reaction was mediated by a true phosphorylation modification, lysates from U2OS cells transfected with pcDNA4C-MCV LT were treated with or without CIP for 30 min and analyzed by Western blotting. As shown in Fig. 2A , expression of LT(1-817) activated a robust phospho-Chk1 Ser-345 signal in U2OS cells, and there was again a crossreactive band with a molecular mass of ϳ110 kDa, which matches the size of full-length MCV LT. Treatment with CIP significantly diminished both the phospho-Chk1 and 110-kDa cross-reactive signals (marked with an arrow) in the cell lysate ( Fig. 2A) . Interestingly, the other cross-reactive band of ϳ120 kDa (marked with an asterisk) was also diminished. This result suggests that the anti-phospho-Chk1 Ser-345 antibody recognizes a true phosphorylation modification on both the 110-and 120-kDa cross-reactive bands.
Chk1 is phosphorylated by ATR kinase at Ser-345 in a canonical (Ser/Thr)-Gln epitope that is commonly targeted by ATM and ATR kinases. Assuming that the cross-reactive band that was similar to transfected LT was indeed MCV LT, the data from Fig. 1 suggested that the phosphorylation site was within the C-terminal 400 amino acids. We compared the epitope recognized by the anti-phospho-Chk1 Ser-345 antibody with the C-terminal sequence of MCV LT and generated alanine substitutions of several potential phosphorylation sites. These point mutants were transfected into U2OS cells and immunoblotted with the anti-phospho-Chk1 Ser-345 antibody. Of all the sites analyzed, we found that mutagenesis of Ser-816 alone abolished MCV LT cross-reactivity with the anti-phospho-Chk1 Ser-345 antibody ( Fig. 2B and data not shown) . The 120-kDa crossreactive band was unaffected when cells were transfected with this mutant LT. Taken together, these data demonstrate that MCV LT is phosphorylated at Ser-816 and that this phosphor- ylation is specifically recognized by the anti-phospho-Chk1 Ser-345 antibody. The 120-kDa band (marked with an asterisk) is likely a cellular phosphoprotein that is also recognized by this antibody; however, we chose to focus the remainder of our study on MCV LT.
Activation of ATM Stimulates MCV LT Ser-816 Phosphorylation-Having identified Ser-816 as a phosphorylation site of MCV LT, we next sought to determine which kinase or kinase pathway is responsible for this modification. Our previous data showed that MCV infection and MCV genome transfection activate both ATM and ATR DDR pathways. In contrast, ectopic expression of MCV LT alone predominantly activates ATR and only weakly activates ATM (16, 27) . Additionally, we have reported that components of the host DDR pathways are recruited to viral replication centers and that their activity is required for efficient replication (27) . We wondered whether components of these DDR pathways could be responsible for LT Ser-816 phosphorylation.
We first used etoposide or UV light to activate either the ATM or ATR pathway, respectively, and tested whether phosphorylation of LT was altered. (Fig. 3A,  fifth lane) . In contrast, UV light treatment, which activates predominantly ATR, caused a much smaller degree of ATM phos-phorylation and very little activation of LT Ser-816 phosphorylation compared with dimethyl sulfoxide treatment (Fig. 3A , compare the sixth lane with the fourth lane). These results demonstrated that activation of the host ATM DDR pathway could stimulate phosphorylation of MCV LT at Ser-816. Robust phosphorylation of Chk1 Ser-345 was seen with both etoposide and UV treatments, indicating either that ATR was activated in both settings or that the robust activation of ATM during etoposide treatment allowed it to phosphorylate Chk1 through cross-talk (37) (38) (39) (40) .
Inhibition of ATM Prevents MCV LT Ser-816 Phosphorylation-We next sought to determine which component(s) of the host DDR was responsible for phosphorylating MCV LT. We tested a panel of chemical inhibitors to screen for the possible kinases that phosphorylate MCV LT at Ser-816. U2OS cells were transfected with pcDNA4C (vector) or pcDNA4C-MCV LT. 44 h later, cells were treated with dimethyl sulfoxide, wortmannin, NU6027, NU7441, KU55933, AZD7762, or caffeine for another 6 h. The cells were harvested for Western blot analysis. As shown in Fig. 3B , the expression level of LT was constant with the different drug treatments. MCV LT-transfected cell lysates showed phosphorylated MCV LT Ser-816 bands at ϳ110 kDa; however, the band density changed with the various drug treatments (Fig. 3B) . Caffeine, which inhibits both ATM and ATR, reduced LT Ser-816 phosphorylation to a small extent (Fig. 3B) . Wortmannin, which acts as a broad PI3K inhibitor that inhibits DNA-dependent protein kinase, ATM, and ATR, efficiently inhibited MCV LT Ser-816 phosphorylation (Fig. 3B ). On the other hand, the ATR inhibitor NU6027, the DNA-dependent protein kinase inhibitor NU7441, and the Chk1 inhibitor AZD7762 did not affect LT phosphorylation (Fig. 3B) . These results suggest that the ATM pathway is likely important for LT Ser-816 phosphorylation. Further supporting this notion, the ATM inhibitor KU55933 dramatically reduced LT Ser-816 phosphorylation (Fig. 3B) . These experiments were repeated in C33A cells with similar results (data not shown). Taken together, these data suggest that ATM is likely the kinase that phosphorylates MCV LT at Ser-816.
ATM Kinase Binds and Phosphorylates MCV LT at Ser-816 in Vitro-We then performed in vitro phosphorylation experiments to more directly confirm that ATM kinase phosphorylates MCV LT at Ser-816. IIT affinity-tagged wild-type MCV LT or MCV LT S816A was purified from 293 cells and treated with CIP to remove phosphorylation modifications. In parallel, U2OS cells were stimulated with etoposide to activate the host DDR, and either the ATM or ATR kinase was immunoprecipitated from nuclear extracts (Fig. 4A ). ATM or ATR was then immunoprecipitated, immobilized on Sepharose beads, and incubated with radiolabeled ATP and equal amounts of either wild-type LT or LT S816A protein in kinase reaction buffer. Only wild-type LT incubated with immunopurified ATM demonstrated significant phosphorylation; incubation with ATR did not show detectable activity above background levels (Fig.  4A ). This was true when the in vitro phosphorylation reaction was performed at either room temperature or 37°C. LT S816A was not phosphorylated by either the ATM or ATR kinase, regardless of temperature (Fig. 4A) . We also confirmed that LT could interact with ATM by pulling down ATM kinase from U2OS nuclear extracts using immobilized, bacterially derived LT (Fig. 4B ). This binding was clearly evident even with a relatively small amount of LT (Fig. 4B, compare the GST and GST-LT lanes in the Coomassie Brilliant Blue stain). Together with the kinase inhibitor screen shown in Fig. 3B , these data strongly suggest that ATM is the major kinase that phosphorylates MCV LT at Ser-816.
Prevention of MCV LT Ser-816 Phosphorylation Partially Rescues the MCV LT Growth-inhibiting
Effect-We next sought to better understand the physiological function of the ATM-mediated MCV LT Ser-816 phosphorylation. We were unable to find defects in genome replication or viral gene transcription for MCV LT S816A (data not shown). Our previous study demonstrated that the C-terminal portion of LT activates p53 and promotes growth inhibition (16) . Cheng et al. (24) also reported that the C-terminal 100 amino acids of MCV LT have a cell growth-inhibiting effect. The underlying mechanism of these findings was not completely established. Because the C-terminal domain of MCV LT is sufficient for DDR activation (16) and because Ser-816 lies within the C-terminal 100-amino acid region of MCV LT, we asked whether Ser-816 phosphorylation plays a role in the cell growth-inhibiting function of the MCV LT C terminus. We generated C33A cells stably expressing wild-type MCV LT, MCV LT S816A, or Cherry-LacI as a negative control. Using these cell lines, we performed a clonogenic assay to detect the long-term effect of MCV LT and MCV LT S816A on cell proliferation. The same number of stable C33A cells were seeded in 6-well dishes and cultured for 10 days under puromycin selection. As shown in Fig. 5 , the Cherry-LacI stable cell line formed a large number of colonies. As reported previously (16) , expression of wild-type MCV LT caused a significant inhibition of cell growth, resulting in drastically reduced colony number after selection (Fig. 5 ). MCV LT S816A partially reversed this LT growth-inhibiting phenotype, allowing more colonies to be formed after the extended culture period (Fig. 5 ). This result suggests that blocking MCV LT Ser-816 phosphorylation can partially rescue LT growth-inhibiting activity, demonstrating the impact of MCV LT Ser-816 phosphorylation on cell proliferation.
MCV LT S816A Induces Less Apoptosis Compared with Wildtype MCV LT-We consistently observed that transfection of the MCV LT S816A construct led to less cell death compared with the wild-type MCV LT construct. The results of the clonogenic assay also suggested that MCV LT S816A might induce less cell death than wild-type MCV LT. We therefore tested both proteins for their ability to induce apoptosis. We performed annexin V staining to detect cells that express phosphatidylserine on the cell surface, which is an early marker of apoptosis (41) . GFP-tagged MCV LT or MCV LT S816A was transfected into C33A cells. The transfected cells were stained with phycoerythrin-conjugated annexin V at 24 h post-transfection. Cells were then fixed, and nuclei were counterstained with DAPI. At this time point, ϳ0.2% of vector-transfected cells had annexin V staining, whereas 6.5% of MCV LT-transfected cells showed positive annexin V staining. However, only 3.8% of MCV LT S816A-transfected cells were annexin V-positive (Fig.  6, A and B) . This result shows that MCV LT S816A has a decreased ability to induce cell death compared with MCV LT. Flow cytometry analysis also detected slightly more apoptotic cells with sub-G 1 fractions in wild-type MCV LT-transfected cells than in the MCV LT S816A samples (data not shown). These results are consistent with the observation that MCV LT can more potently inhibit cell proliferation compared with MCV LT S816A (Fig. 5) .
To examine the differential activation of cell death by wildtype MCV LT and MCV LT S816A at the molecular level, we performed Western blot analyses to detect the apoptotic markers caspase-3 and PARP1. Caspase-3 is activated in both the extrinsic (death ligand) and intrinsic (mitochondrial) apoptotic pathways (42, 43) . In the intrinsic activation pathway, cytochrome c from the mitochondria works in combination with caspase-9, Apaf1, and ATP to process procaspase-3 (44 -46) .
Proteolytic processing of the inactive zymogen into p17 and p12 fragments activates caspase-3. PARP1 is involved in the repair of DNA damage by adding poly(ADP-ribose) polymers to a variety of substrates in response to various cellular stresses (47) . PARP1 is also a substrate for caspases; during the execution phase of apoptosis, PARP1 is specifically proteolyzed by caspase-3 to produce a 24-kDa N-terminal DNA-binding domain and an 89-kDa C-terminal catalytic fragment (48) .
Cleavage of PARP1 by caspases is considered to be a hallmark of apoptosis (49, 50) .
We transfected either C33A or HeLa cells with pcDNA4C (vector), pcDNA4C-MCV LT, or pcDNA4C-MCV LT S816A. Cells were harvested at 30 h post-transfection and analyzed by Western blotting. As shown in Fig. 6 (C and D) , the expression levels of MCV LT and MCV LT S816A were similar. Vectortransfected cells did not exhibit cleaved caspase-3 and showed only the background level of cleaved PARP1, indicating little apoptosis under these conditions. Wild-type LT-transfected cells had less intact PARP1 but more cleaved PARP1 as well as more cleaved caspase-3 compared with the empty vector samples, confirming the induction of apoptosis. In contrast, the levels of cleaved PARP1 and cleaved caspase-3 in the MCV LT S816A-transfected cells were reduced to nearly the vector control level. These results are consistent with the observation that MCV LT-positive cells are more likely to undergo apoptosis than MCV LT S816A-positive cells (Fig. 6, A and B) . These results support the rescue of the cell growth-inhibiting phenotype seen in the clonogenic assay ( Fig. 5 ).
We also tested whether the S816E mutant would act as a phosphomimetic and presumably induce more apoptosis. Unfortunately, MCV LT S816E behaved identically to the alanine mutant and therefore was not a viable phosphomimetic (data not shown). This phenomenon has occasionally been reported for other phosphoproteins, including SV40 LT and MCV LT, at other phosphosites (34, 51) . Taken together, these data suggest that phosphorylation of LT at Ser-816 contributes to growth arrest and apoptotic induction mediated by the C-terminal domain.
DISCUSSION
Most MCV-related MCC tumors examined thus far contain clonally integrated MCV genomes, which express truncated LT proteins without the C-terminal domain (3) . This observation suggests a strong selective pressure to eliminate the C-terminal region of MCV LT during MCC tumor development. These tumor-specific mutations do not affect the LT pRb-binding domain or DnaJ domain (1) . In fact, these LT mutants even have an increased affinity for pRb (25) . Work from our laboratory and others suggests that the C-terminal domain of MCV LT might be negatively selected during tumorigenesis to eliminate growth-inhibiting properties encoded in this region (16, 24) .
Our previous report showed that inhibition of cell proliferation by the C-terminal half of MCV LT is linked to its ability to activate the host DDR pathways (16) . In those experiments, we consistently detected cross-reactivity of the anti-phospho-Chk1 Ser-345 monoclonal antibody when MCV LT constructs were expressed. In the present study, we explored the nature of this cross-reactivity. The cross-reactive bands correlated with the sizes of ectopically expressed, full-length MCV LT or LT C-terminal mutants (Fig. 1) and were sensitive to phosphatase treatment ( Fig. 2A) , making us suspect that this antibody recognized a phosphorylation modification on MCV LT. This cross-reaction seemed to be localized to the C-terminal half of the protein (Fig. 1) . Alanine substitutions of candidate serines and threonines further identified Ser-816 as the target of phospho-Chk1 Ser-345 cross-reaction (Fig. 2B) .
Our previous studies showed that MCV LT activates the host DDR proteins, which are recruited to actively replicating viral genomes (16, 27) . The cross-reactive anti-phospho-Chk1 Ser-345 antibody was generated against Chk1 phosphorylated at Ser-345, an ATR kinase phosphorylation site. We therefore asked whether the DDR kinases were responsible for the phosphorylation of MCV LT at Ser-816. Activation of ATM kinase with etoposide caused a dramatic stimulation of MCV LT phosphorylation. On the other hand, UV treatment, which activates predominantly the ATR pathway, had little stimulating effect on MCV LT Ser-816 phosphorylation (Fig. 3A) . A screen with multiple DDR kinase inhibitors further supported the hypothesis that ATM kinase is the predominant member of the DDR pathways responsible for this modification (Fig. 3B) . In vitro phosphorylation of MCV LT with immunopurified ATM and ATR confirmed that ATM phosphorylates MCV LT at Ser-816, but ATR cannot (Fig. 4A ). Additional pulldown experiments suggested that ATM and LT can indeed interact (Fig. 4B ). Together with our published results (16, 27) , the present study suggests that MCV not only is able to induce DDR in cells but can also take advantage of this DDR activity and recruit a cellular DDR kinase, ATM, to phosphorylate its own LT at Ser-816.
We next sought to understand the physiological role of this phosphorylation mark. Although Ser-816 lies C-terminal to the helicase domain, no effects were seen on viral genome replication or transcription (data not shown). We therefore asked whether LT Ser-816 phosphorylation contributes to the growth-inhibiting activity that is localized to the final 100 residues of this protein (24) . Interestingly, the growth-inhibiting effect seen with wild-type LT was partially reversed with LT S816A in a clonogenic assay (Fig. 5 ). The cell proliferation phenotype was supported by an analysis of apoptosis during LT expression. Annexin V staining and Western blot analyses of caspase-3 and PARP1 cleavage showed that LT S816A induced less apoptosis in transfected cells (Fig. 6) . These results demonstrated that the ATM-mediated phosphorylation of MCV LT at Ser-816 contributes to a mechanism that inhibits cell proliferation by inducing cell death.
Although this study established a direct functional interaction between ATM kinase and MCV LT, the precise role of this FIGURE 5. C33A cells stably expressing MCV LT S816A form more colonies than cells stably expressing wild-type LT. C33A cells stably expressing Cherry-LacI, MCV LT, or MCV LT S816A were seeded at 5000 cells/well in a 6-well plate. Cells were cultured for 10 days with 0.625 g/ml puromycin. Colonies were fixed with methanol and stained with methylene blue. Data shown are representative of at least three experiments.
interaction remains elusive. ATM is a serine/threonine protein kinase that is recruited to and activated by dsDNA breaks to phosphorylate several key cellular proteins that initiate activation of the DNA damage checkpoint (52) (53) (54) . This checkpoint activation results in the phosphorylation and activation of p53, which in turn up-regulates the expression of key cellular factors involved in cell cycle arrest, DNA repair, and apoptosis (52) (53) (54) . The cell proliferation effects reported here when MCV LT is expressed could therefore be partially due to ATM activity and represent a host response to foreign DNA replication. Indeed, the effects of blocking MCV LT Ser-816 phosphorylation on cell proliferation are modest, and LT S816A was unable to fully rescue the proliferative defect in C33A cells stably expressing LT ( Fig. 5) , indicating that Ser-816 phosphorylation-independent mechanisms are at play.
Our previous report (16) and present study (Fig. 3A) show that transfected LT induces only a very low level of ATM activation. In contrast to transfected LT alone, infection with MCV virions or transfection of viral genomes robustly activates ATM (16) ; additionally, LT protein levels increase over time in these settings (data not shown). Therefore, during true infection, the ATM-mediated MCV LT Ser-816 phosphorylation may lead to a more robust cell cycle arrest and apoptotic phenotype, which may be advantageous in dispersing newly formed virions late in infection. Alternatively, this ATM-mediated MCV LT Ser-816 phosphorylation and associated apoptotic activities may repre- sent a host antiviral defense mechanism for eliminating MCVinfected cells.
It is also important to note that we examined only LT when it was expressed alone. Whether LT phosphorylation is altered or temporally regulated when coexpressed with other viral proteins, such as the small tumor antigen, 57kT, or ALTO (alternate frame of the large T open reading frame), remains to be explored. Our previous study established the DDR machinery as critical for LT-mediated viral replication (27) . This study further established an intimate interaction between MCV infection and the host DDR, revealing how activation of a host DDR by MCV is then utilized by the virus to carefully orchestrate key events in host cells. Future studies will investigate the downstream events of MCV LT Ser-816 phosphorylation by identifying the cellular proteins that may recognize this phosphorylation event. The identification of the Ser-816 phosphorylation site and the commercial availability of an antibody recognizing this modification provide valuable tools for advancing our understanding of MCV-host interactions.
